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 
Abstract—Visible light communications has attracted 
considerable interest in recent years owing to the ability of low-
cost light emitting diodes (LEDs) to act both as illumination 
sources and data transmitters with moderate data transmission 
rates. In this article we propose the formation of ultra-low cost 
visible light integrated optical links by interfacing dense micro-
pixelated LED arrays with matching multi-layered multimode 
polymer waveguide arrays. The combination of these two optical 
technologies can offer relatively high aggregate data densities ≥ 
0.5 Tb/s/mm2 using very low cost components that can be directly 
interfaced with CMOS electronics and integrated onto standard 
PCBs. Here, we present the basic system design and report the 
first proof-of-principle demonstration of such a visible light 
system employing 4×4 µLED arrays on a pitch matching four-
layered waveguide array samples. Different interconnection 
topologies and light coupling schemes are investigated and their 
performance in terms of loss and crosstalk is compared. Data 
transmission of 2.5 Gb/s with a BER within the forward-error 
correction threshold of 3.8×10-3 is achieved over a single µLED-
waveguide channel using PAM-4 modulation and equalization. 
The results presented here demonstrate the potential of such 
ultra-low cost visible light optical interconnects.   
Index Terms—visible light communications, light emitting 
diodes, polymer waveguides, multimode waveguides, waveguide 
arrays, optical interconnects, pulse amplitude modulation. 
I. INTRODUCTION 
he amount of information that is being generated, stored 
and exchanged globally is increasing at a large rate. 
Recent projections by Cisco estimate a load of 56 
Exabytes of data per day for the global Internet traffic [1]. 
Each electronic device is expected to be connected to a 
multitude of networks (Internet of Things) constantly 
transmitting and receiving data. Radio frequency wireless 
systems face significant challenges in meeting the bandwidth 
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needs due to the limited available spectrum and the resulting 
capacity bottleneck [2, 3]. Visible light communications 
(VLC) has a key role to play in this technological evolution by 
offering cost-effective high-speed connectivity very close to 
the users and terminal devices (electronic devices/sensors). 
VLC systems based on light emitting diodes (LEDs) have 
attracted particular interest as low-cost LEDs can be used not 
only as high-quality and high-efficiency illumination sources 
but also as reliable optical sources for data transmission. 
Significant research has been carried out in recent years on the 
development, implementation and demonstration of LED-
based high-speed optical links for free-space communications 
(LiFi, Internet of Things, car-to-car communications) [4-9]  
and plastic optical fibre (POF) links for in-home and in-car 
networks [10-12]. Despite the limited LED bandwidth 
(typically a few tens of MHz), data rates beyond 1 Gb/s have 
been demonstrated over such links using a combination of 
techniques including advanced modulation formats, 
equalization and various multiplexing techniques [13-16].  
Additionally, there has been a strong interest in employing 
optical technologies in short-reach communication links 
within electronic systems. Optical interconnects provide 
numerous advantages over their electrical counterparts, 
namely larger bandwidth, immunity to electromagnetic 
interference, increased density and reduced power 
consumption when operated at high frequencies [17, 18]. As a 
result, significant research in recent years has targeted the 
development of short-reach optical links that can be cost-
effectively integrated with standard electronics. Multimode 
polymer waveguides are a promising technology for this 
application as they allow the formation of low-cost optical 
interconnects that can be directly integrated onto standard 
printed circuit boards (PCBs) [19-21]. This technology 
leverages novel cost-effective polymer materials that possess 
the necessary mechanical and thermal properties to withstand 
the manufacturing processes of PCBs, and exhibit low 
absorption at the wavelengths of interest, and large-sized 
waveguides with dimensions typically in the range 20 to 70 
µm, that allow sub-system assembly with standard pick-and-
place tools. Numerous system demonstrators featuring large 
numbers of polymer waveguides and achieving high aggregate 
data capacities have been reported in recent years [22-25].  
In this work, we propose for the first time the formation of 
ultra-low cost visible-light optical interconnects by combining 
two promising relevant optical technologies: micro-pixelated 
LEDs (µLEDs) and siloxane-based multimode waveguides. 
µLEDs consist of LEDs which have much smaller dimensions 
(typically 20 to 100 µm) than conventional LEDs and exhibit 
much larger bandwidths, in excess of 200 MHz [26-28]. 
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2 
Additionally, µLEDs can be formed in large two dimensional 
(2D) arrays and can be directly interfaced with CMOS driving 
electronics and individually addressed [29, 30]. The use of 
such µLED arrays can offer important advantages over 
vertical-cavity surface-emitting laser (VCSEL) arrays in short-
reach optical links when relatively low data rates are required 
(~ few Gb/s): larger range of available wavelengths, eye-safe 
emission, reduced sensitivity to modal noise and temperature 
effects, and easier interface with electronic driving circuitry 
(direct CMOS interface). High-speed free-space and POF-
based optical links have been demonstrated achieving data 
rates ≥ 5 Gb/s using a single µLED [8, 28, 31], while schemes 
employing multiple transmitters, such as optically-generated 
pulse amplitude modulation (PAM) schemes [32], multiple 
input multiple output (MIMO) systems [6] and coarse 
wavelength multiplexing have also been demonstrated using 
µLED arrays [15, 33]. In addition, siloxane-based materials 
have been shown to exhibit high temperature resistivity in 
excess of 300°C and long lifetimes, while large multimode 
polymer waveguide arrays exhibiting low loss and low 
crosstalk have been cost-effectively integrated onto PCBs [34, 
35] and flexible substrates [36, 37].  
These two optical technologies appear to be a very good 
match as: (i) they both share the same low-cost characteristics 
and have been developed to be directly interfaced with 
standard electronics (CMOS drivers and PCBs respectively), 
(ii) the size of the µLEDs matches the typical size of 
multimode polymer waveguides (20 to 70 µm), (iii) the µLED 
emission wavelengths in the visible range are within the low 
attenuation window of these polymer materials, and (iv) they 
can both form large two-dimensional arrays. As a result, their 
interface can offer ultra-low cost high-density parallel optical 
links that can be directly integrated within standard electronics 
systems and find direct application in consumer electronics 
(ultra-low cost optical backplanes and communication links, 
optical USBs) and low-cost optical sensors. Additionally, the 
formation of the waveguides on flexible substrates and their 
interface with the µLED arrays can enable low-cost optical 
interconnection in free-forms, which is particularly useful in 
applications where shape-conformity is important, such as 
wearable electronics, and in systems with movable parts that 
can be found in many different technologies from autonomous 
vehicles to foldable ultra-high definition displays. 
In this work, we present the design of 2D µLED arrays and 
matching multi-layered waveguide array stacks and report on 
a proof-of-principle system demonstrator comprising 4×4 
µLED arrays and 4-layered polymer waveguide array samples. 
Each µLED-waveguide link in the array is designed to enable 
> 1 Gb/s communication so that the aggregate data density 
supported by such a low-cost integrated system is ≥ 0.5 
Tb/s/mm
2
. Loss and crosstalk measurements are carried out on 
the interfaced µLED-waveguide arrays as well as data 
transmission tests. 2.5 Gb/s data transmission over a single 
µLED-waveguide link is demonstrated using 4-level pulse 
amplitude modulation (PAM-4) and equalization at the 
receiver. Although improvements remain to be made in device 
fabrication, assembly and interface of such systems, the initial 
results presented here are the first reported for a dense VLC 
integrated system based on µLEDs and polymer multimode 
waveguides and demonstrate the potential of this technology. 
The remainder of the paper is structured as follows. 
Section 2 presents the µLED and waveguide arrays used in 
this work, while section 3 reports their interface. Section 4 
describes the data transmission tests carried out while section 
5 concludes the paper.  
II. INTEGRATED VLC SYSTEM 
A. System design 
The basic design of the proposed integrated VLC system is 
shown in Fig. 1(a). It relies on the interface of 2D µLED and 
PD arrays with matching multi-layered waveguide stacks. 
Assuming a linear design for the 2D waveguide array with an 
identical pitch p in both directions [Fig. 1(b)], the data rate 
over a single waveguide channel required to achieve a 
particular aggregate data density C is calculated [Fig. 1(c)]. 
Data densities ≥ 0.5 Tb/s/mm2 are targeted as such values are 
identified to provide significant capacity enhancement over 
state-of-the-art electrical interconnects. The plots in Fig. 1(c) 
indicate that a pitch of 62.5 µm and data rates of 2 and 4 Gb/s 
per waveguide channel can offer data densities of 0.5 and 1 
Tb/s/mm
2
 respectively from such a 2D integrated VLC 
system. The work presented here is focussed on the µLED and 
waveguide arrays and their interface, rather than the receiver 
side of the system. There, standard 2D PIN or APD arrays can 
be used with similar coupling configurations as the ones 
presented below for the transmitter side. 
    
   
Fig. 1. Basic design of (a) the proposed integrated VLC system, (b) a linear 
2D waveguide array and (c) required data rate per waveguide channel as a 
function of the array pitch to achieve a particular aggregate data density. 
Inter-channel crosstalk is expected to be the limiting issue 
for these relatively dense waveguide arrays and it can be 
attributed to two main sources: (i) non-coupled light at the 
waveguide inputs and (ii) light scattered out of the waveguides 
along their propagation length. For both types of sources, the 
magnitude of the induced crosstalk is affected by the 
waveguide separation, as a reduced separation increases the 
probability of non-coupled and scattered light reaching 
adjacent waveguides and contributing to crosstalk [30, 38-40]. 
As a result, three different array topologies are considered: 
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(a) (b) (c) 
linear, diagonal and interleaved (Fig. 2). The waveguide 
density and the mean waveguide distance   for each 2D 
topology are obtained and compared in Fig. 2(d). The mean 
waveguide distance   is calculated for each topology using the 
equation: 
  
 
 
   
 
   
 
where di is the distance from each neighbouring waveguide. 
Here, only the first-order neighbouring waveguides (N=8) are 
considered in the calculation of the parameter  , as the 
crosstalk induced in waveguides further apart (of 2
nd
 or higher 
order) is significantly lower. Crosstalk values in 2
nd
 order 
neighbouring waveguides have been found experimentally to 
be lower by ≥ 5 dB in one-dimensional polymer multimode 
waveguide arrays [41, 42].  
As seen in Fig. 2(d), the interleaved topology provides the 
largest waveguide density but smallest mean waveguide 
distance  , while the diagonal topology yields the same 
waveguide density as the linear topology but exhibits a larger 
  value due to the layer offset. As a result, an improved 
crosstalk performance is expected from this topology over the 
linear one. 
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Fig. 2. Schematics of the three topologies studied: (a) linear, (b) diagonal (c) 
interleaved; (d) a comparison of their waveguide density and mean waveguide 
distance.  
Based on earlier work on µLED-based optical links [12, 43], 
we choose an array pitch p of 62.5 µm, a waveguide width of 
30 µm and a µLED size of 20 µm for the work presented here, 
and we target received power levels of approximately -15 
dBm and crosstalk values below -15 dB at each waveguide 
output. Such levels of received optical power and crosstalk 
should allow the transmission of data rates > 1 Gb/s over a 
single waveguide channel.  
B. µLED arrays 
The µLED arrays employed here are bottom-emitting GaN 
devices fabricated on 400 µm-thick sapphire substrates, where 
the output light is primarily emitted through the transparent 
substrate. For this work, one linear and one diagonal 4×4 
µLED array are produced. Each array features 16 individually-
addressable 20 µm square µLED pixels [Fig. 3 (a)]. The chips 
are mounted onto appropriately-designed PCB boards and 
wire-bonded. The µLED pixels are voltage driven via SMA 
connectors on the board and their basic characteristics are 
obtained.  It is found that 10 pixels on the linear array and 11 
pixels on the diagonal array are operating out of the 16 devices 
[Fig. 3 (b) and 3(c)]. Fig. 3(d) shows the normalised emission 
spectrum from one pixel on the linear array, while Fig. 3(e) 
and 3(f) show the light-voltage (LV) and current-voltage (IV) 
characteristics for all operating pixels on the diagonal µLED 
array. The emission profile of these µLEDs is a first-order 
Lambertian, so, for the optical power measurements, a 16× 
microscope objective with a comparable numerical aperture 
(NA of 0.32) to that of the polymer waveguides (NA of ~0.25) 
is employed to collect the emitted light. Although some small 
differences are observed in the performance of the pixels on 
the same array, overall good performance uniformity is 
obtained. Any observed performance differences can be 
attributed to the different lengths of the PCB tracks on the 
mounting boards and the on-chip connections for the different 
pixels. Similar performance is obtained from the linear array.  
                
 
    
Fig. 3. Images of (a) one µLED array chip, (b) the linear and (c) diagonal 4×4 
µLED array with all operating pixels turned on, (d) normalised spectrum of 
the emitted light from one pixel, (e) IV plots and (f) LV plots for all operating 
pixels on the diagonal µLED array. 
C. Multimode polymer waveguide stacks 
Multi-layered waveguide samples implementing the three 
different topologies are fabricated from siloxane polymer 
materials using standard photolithography on silicon and FR4 
substrates. The siloxane materials used in this work have been 
developed by Dow Corning (core WG-1020, cladding OE-
4140) targeting the formation of low-loss optical interconnects 
on standard PCBs. The materials have been engineered to 
withstand the high temperatures in excess of 300°C that are 
required for solder reflow and board lamination, and exhibit 
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4 
high environmental stability and long lifetimes [34, 35, 37]. 
Additionally, they exhibit low material absorption loss at the 
datacommunications’ wavelength of 850 nm (~0.04 dB/cm) 
and in the visible range (<0.6 dB/cm). Cut-back measurements 
performed on straight multimode polymer waveguides have 
demonstrated a propagation loss of 0.56 dB/cm at 450 nm. 
In order to produce the multiple waveguide layers, multiple 
coating and exposure steps are carried out during the 
fabrication of the waveguide samples. Each layer in the stack 
(core or cladding) is deposited using spin coating and UV-
exposed in a mask aligner. The horizontal alignment of the 
waveguide core layers is achieved using alignment marks on 
the photomask, while the vertical alignment is obtained by 
controlling the thickness of the deposited cladding layers. By 
adjusting the rotational speed of the spin coating of the 
cladding layers, thickness accuracies of ~±3 µm can be 
achieved. In order to obtain an improved thickness accuracy 
and uniformity of the layers produced, a more reproducible 
deposition method such as doctor blading, needs to be 
employed [37].  
Three- and four-layered samples of straight 30 µm-wide 
waveguides with a pitch of 62.5 µm are fabricated, while 
samples of different length (10, 20 and 50 mm) are produced. 
The waveguide facets are exposed using a dicing saw, while 
no polishing steps are undertaken to improve the quality of the 
produced facets. Images of the fabricated samples are shown 
in Fig. 4. Very good layer alignment is achieved for the 3-
layered samples [Fig. 4(a)-4(c)], while for the 4-layered 
samples, a horizontal offset of ~6 µm is observed between 
layers 2 and 3 and a slightly reduced waveguide thickness for 
layer 4 [Fig. 4(d) and 4(e)]. These are due to non-ideal mask 
alignment during the fabrication of layer 3 and a slightly 
reduced spin coating speed during the deposition of layer 4. 
Nevertheless, the fabricated samples are good enough for the 
proof-of-principle demonstration of the proposed integrated 
VLC system reported here. 
 
          62.5 µm          62.5 µm  
Fig. 4. Images of the fabricated stacked waveguide samples: (a) linear, (b) 
diagonal and (c) interleaved topology in the 3-layered sample and: (d) linear 
and (e) diagonal topology in the 4-layered sample. 
The 3-layered samples are employed to estimate the 
intrinsic crosstalk performance of the 3 topologies studied, 
while the 4-layered samples are interfaced with the 4×4 µLED 
arrays to demonstrate the integrated VLC system. Initial 
crosstalk measurements are carried out using a single µLED 
pixel on the array and free space optical coupling. Fig. 5(a) 
and 5(b) show respectively the experimental setup and method 
used for these measurements. A 25× microscope objective 
(NA of 0.5) is used at the waveguide input to couple the light 
into a waveguide [Fig. 5(c)] while, at the waveguide output, a 
50 µm multimode fibre (MMF) is employed to collect the 
transmitted light and deliver it to an optical power meter. The 
50 µm MMF matches well the size of the waveguide and 
minimises the collection of any background scattered light. 
The position of the output fibre is adjusted to maximise light 
transmission through the waveguide under test and it is kept 
constant for all subsequent measurements. The input spot is 
offset in the horizontal direction using a precision translation 
stage and the power received at the waveguide output is 
recorded as a function of the input offset. The input is then 
vertically offset and aligned with the next waveguide layer and 
the measurement is repeated [Fig. 5(b)]. From the plots of the 
power received at the waveguide output as a function of the 
input position, the average induced crosstalk in the adjacent 
waveguides (H: horizontal, V: vertical and D: diagonal) is 
obtained for each topology. The obtained values are employed 
to estimate the total crosstalk induced in each waveguide of 
the array assuming that all waveguides carry the same optical 
power and considering only the contribution of the 1st order 
neighbouring waveguides (2H+2V+4D). The results obtained 
for each topology are summarised in Fig. 5(d) and indicate 
crosstalk values in the range of -14 to -16 dB for all three 
topologies. The interleaved topology yields the worst crosstalk 
performance (-14.3 dB), while the best performance is 
obtained from the diagonal array (-15.9 dB).  
        
         
 
Fig. 5. (a) Schematic of the experimental setup and (b) illustration of the 
employed method for the crosstalk measurement on the 3-layered samples. (c) 
Image of the waveguide sample (diagonal topology) output when a single 
µLED is turned on and (d) summary of the obtained crosstalk performance 
and estimation of the total crosstalk for each topology. 
These experimental results are in agreement with the basic 
system analysis presented in section II.A that suggests that an 
improved crosstalk performance is expected from the diagonal 
array owing to its larger mean waveguide distance [Fig. 2(c)]. 
The image of the output of the waveguide sample [Fig. 5 (c)] 
shows relatively high intensity for the background scattered 
light in the central horizontal layer which justifies the 
significantly larger H- crosstalk value observed in Table I for 
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5 
the linear and diagonal topologies. This is due to the layer-by-
layer fabrication of the samples which produces a clear 
boundary between them (also visible in the images in Fig. 4) 
and results in the trapping of the non-coupled input light 
primarily within the same layer. Similar observations have 
been made under a 50 µm MMF input [44].  
III. μLED ARRAY – WAVEGUIDE SAMPLE INTERFACE 
The potential ways to interface the 4×4 µLED arrays with the 
4-layered waveguide samples are investigated. 
A. Butt-coupling 
Butt-coupling is the simplest way of interfacing the µLED and 
waveguide arrays. Fig. 6(a) illustrates the butt-coupling 
scheme employed while Fig. 6(b) shows the output of the 50 
mm-long 4-layered sample when all operating pixels on the 
diagonal 4×4 µLED array are turned on. Fig. 6(c) shows the 
experimental setup used to evaluate the coupling efficiency 
and crosstalk performance. The position of the waveguide 
sample is adjusted using a translational stage to optimise the 
µLED-waveguide array alignment. At the waveguide output, a 
40× microscope objective (NA of 0.65) is employed to collect 
the transmitted light and focus it onto an optical power meter, 
while a blocking aperture is used to isolate the light received 
from the waveguide under test from the rest of the waveguides 
in the array.  
 
                                               
       
Fig. 6. (a) Schematic of the butt-coupling scheme, (b) image of the 50-mm 
long sample output when all operating pixels in the diagonal µLED array are 
turned on and (c) measurement setup. 
The average power received at the waveguide output is 
found to be ~ -27 dBm for a single µLED-waveguide pair at a 
bias current of 20 mA, which indicates a total coupling loss 
~25 dB. Moreover, the crosstalk in adjacent waveguides is 
measured to be ~-3 dB. A ray tracing simulation is carried out 
to validate the experimental results and explore ways to 
improve the coupling efficiency. The µLED is modelled as a 
first order Lambertian source and it is assumed to be 
positioned at a depth z from the bottom edge of the sapphire 
substrate and perfectly aligned with the central waveguide in 
the sample [Fig. 7(a)]. A gap of 20 µm between the waveguide 
sample and the bottom edge of the substrate is assumed in the 
simulations. The power coupled into three parallel waveguides 
(P0, P1 and P2) is obtained and is normalised to the total power 
PµLED emitted from the substrate backside. The simulation 
results indicate a coupling loss of ~22 dB when the LED is 
placed at 400 µm from the substrate underside (i.e. on the top 
side of the substrate) and a crosstalk of ~-5 dB for the adjacent 
waveguides [Fig. 7(b)], which are in good agreement with the 
experimental results.    
 
Fig. 7. (a) Ray tracing simulation model of the butt-coupling scheme and (b) 
normalized received power at the waveguide output as a function of the 
position of the µLED in the sapphire substrate. 
In order to improve the coupling efficiency and suppress 
crosstalk, the following ways are proposed and tested using 
the simulation model: 
- substrate thinning or use of top-emitting devices: from 
Fig. 7(b) it can be noticed that reducing the distance between 
the µLED and waveguide input facets significantly improves 
the coupling efficiency and suppresses crosstalk for the butt-
coupling scheme. As a result, using top-emitting µLEDs rather 
than bottom-emitting devices, or thinner sapphire substrates 
can provide the required performance improvements. Fig. 7(b) 
indicates that 100 µm-thick substrates should be sufficient to 
enable received power levels at the waveguide output close to 
the -15 dBm target. Processes to either thin down to the 
required thickness [45, 46] or completely remove [47, 48] the 
sapphire substrate have been demonstrated. Alternatively, the 
use of advanced assembly methods such as transfer printing 
[16, 49], can enable the placement of the µLEDs directly onto 
the waveguide facets producing an effective “zero” distance 
between the waveguide input and µLED source. Such 
assembly methods can additionally allow the formation of 
multi-colour µLED arrays [49] which can reduce the optical 
crosstalk in such systems through the use of µLEDs with 
different emission wavelengths for adjacent waveguides. 
- blocking apertures: using an array of matching blocking 
apertures on the substrate underside can reduce the divergence 
of the µLED output beam and yield significant crosstalk 
suppression [Fig. 8(a)]. Such an array can be easily formed by 
depositing and patterning a thin metallic layer on the substrate 
underside. A metallic layer with a square aperture of width w 
over each µLED pixel is introduced in the ray tracing model 
[Fig. 8(b)] and the optical power received in adjacent 
waveguides is calculated. Fig. 8(c) shows the excess loss 
induced by the aperture as well as the crosstalk improvement 
for a µLED positioned 400 µm from the substrate underside 
(i.e. on the top side) as a function of the aperture width. It is 
found that an aperture of 25.8 µm in width yields a 3 dB 
crosstalk improvement with an additional loss of ~0.6 dB. 
- resonant-cavity (RC) µLEDs: RC µLEDs can offer higher 
light extraction efficiency and reduced output beam 
divergence [50, 51]. As a result, improved crosstalk 
performance can be achieved in the system with gains similar 
to ones obtained with the use of blocking apertures. 
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Fig. 8. (a) Schematic of blocking apertures and (b) simulation models and (c) 
excess loss and crosstalk improvement as a function of the aperture width 
when the µLED pixel is positioned 400 µm from the substrate underside 
- microlens arrays: the use of matching microlens arrays can 
improve coupling efficiency and suppress crosstalk by 
focussing the main part of the output beam on the waveguide 
facet. Simulations indicate that a coupling loss of ~10 dB and 
crosstalk values of -50 dB can be achieved with an optimised 
light coupling setup. However, for the dense arrays used here, 
the maximum microlens diameter is specified by the LED 
pixel pitch (here 62.5 µm). As a result, their focal and working 
distances are of similar dimensions (~ 60-100 µm), with their 
exact values depending on the particular parameters (material, 
type of profile, dimensions) of the employed microlens array. 
As a result, substrate thinning/lift-off or top-emitting µLED 
devices is again required to ensure that the required proximity 
between the LED source and the microlens array is achieved. 
- imaging optics: larger lenses can image the µLED array onto 
the waveguide input array with a 1:1 ratio. Such a scheme is 
implemented below for the proof-of-principle system 
demonstration using microscope objectives. 
B. Imaging optics 
In order to improve the coupling efficiency and crosstalk 
performance of the system demonstrator, light coupling via 
imaging optics with a 1:1 ratio is implemented using a pair of 
25× (NA of 0.5) microscope objectives (Fig. 9). The use of the 
dual lens system enables the 1:1 imaging of the µLED array at 
the waveguide plane and easier alignment of the different 
µLED array and waveguide samples. The µLED image can be 
inverted or not depending on the position of the microscope 
objectives. The magnification of the microscope objectives 
used here (25×) is chosen so as to achieve a reasonable 
compromise between received optical power and crosstalk at 
the waveguide output that allows carrying out data 
transmission tests at data rates ≥ 2 Gb/s.  
The power received at the output of all waveguides in the 
array is recorded as a function of the bias current of the 
corresponding µLED pixel. Fig. 10 shows the power received 
for all functional µLED pixels on the linear array when 
interfaced with the 10 mm long 4-layered waveguide sample. 
The difference between the maximum and minimum recorded 
values is ~3 dB which can be attributed to the non-ideal layer 
alignment in the waveguide stack, coupling configuration and 
small differences in emitted power for the different pixels on 
the array. The average received power at the waveguide output 
is ~-23 dBm for a bias current of 20 mA for each µLED pixel, 
which is a 4 dB improvement over butt-coupling. Similar 
performance is obtained from the diagonal array and matching 
waveguide sample.  
  
       
Fig. 9. (a) Schematic of the light coupling scheme using imaging optics and 
images of the output of the 10 mm-long waveguide sample when all operating 
pixels of (b) the diagonal and (c) linear µLED array are turned on. 
      
Fig. 10. Power received at the output of the waveguide sample as a function 
of the µLED bias current for all pixels of the linear array. 
The crosstalk performance obtained with this coupling scheme 
is assessed with two measurements: (i) one µLED pixel on 
each array is turned on (Ibias = 20 mA) and the power received 
in neighbouring waveguides is measured [Fig. 11(a)], (ii) all 
operating pixels neighbouring a particular waveguide are 
turned on (Ibias = 20 mA) and the power received at the output 
of this waveguide under test is measured [Fig. 11(b)]. The first 
measurement reveals the induced crosstalk due to the H/V/D 
positioned waveguides and allows the estimation of the total 
crosstalk in a waveguide due to all surrounding 1
st
 order pixels 
(2H+2V+4D). The second measurement allows the 
comparison of this estimated crosstalk value with the 
measured crosstalk for a particular pixel configuration [Fig. 
11(b)]. Table I summarises the measured and estimated 
crosstalk values from these two measurements.  
 
Fig. 11. Illustration of the two crosstalk measurements performed on the 
waveguide samples and corresponding images of the sample output when the 
linear µLED array is employed: (a) turning on 1 µLED pixel in the array and 
(b) turning all operating pixels surrounding a particular waveguide. 
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TABLE I 
SUMMARY OF CROSSTALK RESULTS 
 
For the array measurements presented here, the estimated total 
crosstalk value is -9 dB for the linear array and -11 dB for the 
diagonal array. These values are in agreement with the 
theoretical evaluation indicating an improved crosstalk 
performance for the diagonal µLED array and constitute a 
great improvement over butt-coupling. They are however 
larger than the target crosstalk value of -15 dB. The obtained 
H/V/D crosstalk values are substantially larger than the values 
obtained in the initial crosstalk measurements using a single 
µLED pixel [Fig. 5(d)]. This is due to the fact that for the 
initial measurements, the light coupling was optimised for a 
single µLED-waveguide pair rather than for the entire array. 
As a result, the crosstalk values presented in section II.C can 
be considered as a best-case reference crosstalk performance 
for the particular µLED and waveguide array samples and 
their basic interface which does not include any beam-forming 
of the µLED pixels’ light output. The main source of the 
observed crosstalk is the unoptimised coupling interface which 
results in a significant portion of the emitted optical power 
from a particular µLED coupling to adjacent waveguides. The 
combination of appropriate beam-forming of the µLED output 
and practical solutions such as the ones discussed above in 
section III.A (e.g. blocking apertures) can be applied in order 
to optimise the coupling and further suppress crosstalk in the 
µLED-waveguide interface.    
IV. DATA TRANSMISSION 
The bandwidth of the µLED pixels is measured and data 
transmission tests are carried out on using three adjacent 
pixels on the 4×4 diagonal µLED array and the respective 
waveguides. Additionally, a link model is set up to estimate 
the performance of the link. 
A. µLED bandwidth 
Frequency response measurements are carried out on the 
µLED pixels using an 800 µm diameter avalanche photodiode 
(APD) and a low noise amplifier as the receiver (Rx) and a 
vector network analyzer (VNA) [Fig. 12(a)]. Fig. 12(b) shows 
the obtained -3dB bandwidth for two pixels on the linear 
µLED array as a function of the bias current, as well as the 
corresponding total link bandwidth that includes the frequency 
response of the Rx. The -3dB bandwidth of the Rx is ~650 
MHz, while the µLED bandwidth is found to be ~90 MHz at a 
20 mA bias. The -3dB bandwidth of the back-to-back (no 
waveguide) optical link is ~75 MHz at the same 20 mA bias. 
Similar performance is obtained from the µLED pixels on the 
diagonal array. 
 
Fig. 12. (a) Experimental setup and (b) -3dB bandwidth results for two pixels 
(L8 and L11) on the linear µLED array. 
B. Link modelling 
A link model is set up to estimate the performance of the link 
based on the characteristics of the actual components 
employed in the data transmission tests (Fig. 13). The most 
important simulation parameters are shown in Table II. The 
µLED response is modelled with an exponential, the APD 
response with a raised cosine with a roll-off factor of 0.2 [13, 
31] and the waveguide response with a Gaussian. The values 
used for the µLED output power and bandwidth and APD 
responsivity, bandwidth and noise performance are based on 
measured values of the actual devices, while the µLED driving 
condition matches the one used in the data transmission tests. 
The optical crosstalk is modelled as interference Gaussian 
noise and it is assumed to be -14 dB which corresponds to the 
estimated value for the data transmission tests: 2 adjacent 
horizontal µLED pixels in the diagonal array (Table I). 
 
Fig. 13. Link model used in data transmission simulations. 
TABLE II 
SIMULATION PARAMETERS 
 
   *measured using a 25× microscope objective.  
The simulated BER performance of the waveguide link is 
obtained in the presence, and absence, of optical crosstalk 
when 2 and 2.5 Gb/s PAM-4 signals are transmitted. The 
obtained BER plots are shown in Fig. 15 to allow comparison 
with the experimentally-obtained curves. Relatively good 
agreement is observed with similar BER performance and 
power penalties due to the crosstalk.  
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C. Data transmission tests 
Data transmission tests are carried out on using the 4×4 
diagonal µLED array and the matching 10 mm-long 4-layered 
waveguide sample. 4-level pulse amplitude modulation (PAM-
4), and equalisation at the Rx are used in order to enable 
transmission of >1 Gb/s over a single µLED-waveguide 
channel. Although PAM is employed here, other bandwidth-
efficient modulation schemes such as orthogonal frequency-
division multiplexing (OFDM) [8, 14], carrier-less amplitude 
and phase (CAP) modulation [52, 53], discrete multitone 
transmission (DMT) [54, 55] can be used to overcome the 
link’s bandwidth limitation. The relative merits of each 
scheme can be found in the numerous comparative studies on 
LED-based optical links reported in literature [5, 56-58]. Here, 
PAM-4 is implemented due to its relatively low complexity 
and potential for straightforward hardware implementation.  
Fig. 14 illustrates the experimental setup used. The emitted 
light from the µLED under test is coupled to the waveguide 
through the imaging optics setup described in section III.B, 
while at the waveguide output, a pair of microscope objectives 
is used to collect the transmitted light and deliver it to the Rx. 
An aperture is employed at the waveguide output to ensure 
that light only from the desired µLED-waveguide channel is 
coupled to the Rx. A variable optical attenuator (VOA) is 
inserted in the free-space path at the waveguide output to 
allow the adjustment of the received optical power level at the 
Rx. A short 2
7
-1 pseudorandom binary sequence (PRBS), 
emulating the short codes typically used in 
datacommunication links, is used to generate the PAM-4 
modulating signal. An arbitrary waveform generator (AWG) 
generates the PAM-4 signal which is fed to the µLED through 
a bias tee, while a real-time oscilloscope is used to capture the 
received waveform at the Rx. Offline processing is used to 
apply the equalization and obtain the BER performance of the 
link. The equalizer used here comprises a linear 20-tap 
feedforward (FFE) and a 20-tap decision feedback (DFE) 
equalizer.  
 
  
Fig. 14. Experimental setup for the data transmission tests (a) with and (b) 
without (back-to-back) the waveguide sample and (c) image of the sample 
output when all three µLED pixels are turned on. 
To assess the effect of crosstalk on signal transmission over 
the VLC system, the data transmission tests are carried out 
over one µLED-waveguide link (D6) when (i) only the µLED 
under test (D6 ONLY) is operating and (ii) all 3 adjacent 
µLEDs (D5-D6-D7) are operating and transmitting data [Fig. 
14(c)]. For the latter measurement, the 2 adjacent µLEDs are 
also modulated by a de-correlated PAM-4 signal at the same 
symbol rate. The 3 µLED pixels used in these measurements 
represent a worst-case configuration with respect to crosstalk 
as both their respective waveguides (optical crosstalk) and 
electrical connections (electrical crosstalk) are adjacent. All 3 
µLEDs are driven at same bias current (~24 mA) and 
modulated by a PAM-4 signal of similar amplitude (3.5 V 
peak-to-peak), while the optical power received at the 
respective waveguide outputs are comparable. The obtained 
BER plots for 2 and 2.5 Gb/s PAM-4 data transmission over 
the D6 µLED-waveguide link for the two operating conditions 
are shown in Fig. 15, as well as the respective eye diagrams at 
the Rx after equalization. In both cases and data rates, a BER 
within the forward-error correction (FEC) limit of 3.8×10
-3
 is 
obtained. The operation of the two adjacent µLED pixels 
results in a power penalty of ~1 and 1.5 dB for the 2 and 2.5 
Gb/s transmission, respectively, due to the induced crosstalk.  
Similar measurements are carried out on the respective 
back-to-back (b2b) link without the waveguide sample [Fig. 
14(b)] using the same µLEDs, driving conditions and modes 
of operation. The optical crosstalk is suppressed using the 
aperture in the free space path and it is measured to be -20 dB. 
The obtained BER plots are shown in Fig. 16. Power penalties 
of ~2 and 1.8 dB are noted for 2 and 2.5 Gb/s data 
transmission due to the simultaneous operation of the 3 
µLEDs. The results suggest that electrical crosstalk is the main 
factor that contributes to the observed performance 
degradation and indicate that a better RF isolation between 
electrical connections on the µLED array chip is required.  
Overall, the results obtained from this proof-of-principle 
demonstrator demonstrate a good performance and the 
potential to achieve ≥ 0.5 Tb/s/mm2 capacity from such an 
ultra-low cost integrated VLC system. Work on revising the 
µLED chip design and µLED-waveguide array interface is 
underway and is expected to provide improved coupling 
efficiency and reduced crosstalk, enabling higher data rates 
per µLED-waveguide channel.  
 
    
Fig. 15. (a) BER plots for 2 and 2.5 Gb/s PAM-4 data transmission over the 
D6-waveguide link when only D6 and all 3 adjacent µLEDs (D5–D6–D7) are 
operating and (b) respective 2 Gb/s eye diagrams at the Rx after equalization 
(Prec ~ -16.5 dBm). 
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Fig. 16. BER plots for the b2b link at 2 and 2.5 Gb/s PAM-4 transmission. 
V. CONCLUSIONS 
The interface of high-density individually-addressable micro-
pixelated LEDs and matching polymer waveguide arrays can 
provide ultra-low cost short-reach visible light interconnects 
that can support aggregate data densities ≥ 0.5 Tb/s/mm2. 
Initial work on the formation and interface of such GaN µLED 
arrays and matching multi-layered polymer waveguides is 
presented here. Different topologies are explored and their 
crosstalk performance is investigated theoretically and 
experimentally. 4×4 µLED arrays emitting at 433 nm and 3-
layered and 4-layered waveguide stacks with a pitch of 62.5 
µm are fabricated and characterized. The potential ways to 
interface these arrays are investigated and the obtained 
performance in terms of coupling loss and crosstalk are 
reported. Initial data transmission tests are carried out over a 
µLED-waveguide link achieving a BER<3.8×10
-3
 at 2.5 Gb/s 
using PAM-4 and equalization at the Rx. A 1.5 dB power 
penalty is obtained due to the crosstalk induced by adjacent 
operating µLEDs. Improvements in µLED chip design, 
waveguide fabrication and µLED-waveguide interface are 
expected to offer improved coupling efficiency and crosstalk 
performance enabling even higher aggregate data densities 
from such low-cost integrated VLC systems.  
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